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THE ROLE OF PROTEOLYTIC ENZYMES IN THE
BIOSYNTHESIS OF PEPTIDE BONDS*
JOSEPH S. FRUTON
Previous studies on the specificity and mode of action of the proteolytic
enzymes have shown' ` that these enzymes catalyze the rate of attainment
of equilibrium in reactions that involve the hydrolysis or synthesis of
peptide bondst:
R' RI
RCO-NH HCO-NHR" + H20 = RCO-NH HCOOH + NH2R"
In homogeneous systems, the equilibrium is far to the right, and the free
energy change in the hydrolytic reaction is about -3000 calories per mole.'
To effect jpeptide synthesis in the presence of a suitable catalyst, therefore,
the reversal of hydrolysis must be coupled to an exergonic process. As
pointed out elsewhere,' such a coupling may be achieved through the choice
of reactants which yield a synthetic product whose solubility is less than its
equilibrium concentration. At equilibrium a supersaturated solution of the
synthetic product results, and the exergonic process of precipitation of
the difficultly soluble product from the solution drives the peptide synthesis
to a point at which the equilibrium concentrations of the reactants have
been established. One of the first instances of the operation of such a
coupled reaction in the case of protein-splitting enzymes was the demon-
stration by Bergmann and Fraenkel-Conrat8 that the plant proteinase
papain, following activation by cysteine, catalyzes the reaction:
CsH5CO-NHCH2COOH + NHSCOH5 -I CeH5CO-NHCH2CO-NHCeHs
Benzoylglycine Aniline Benzoylglycinanilide
It is the purpose of this communication to call attention to another type
of reaction catalyzed by proteolytic enzymes, first postulated by Bergmann
and Fraenkel-Conrat,8 and which involves the replacement of one partici-
pant in a peptide bond by another. Reactions of this type may be termed
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t In what follows, the term "peptide bond" will be applied to any CO-NH linkage
in which either the carbonyl or imino group belongs to an amino acid residue.YALE JOURNAL OF BIOLOGY AND MEDICINE
"transpeptidation" or "transamidation" processes, by analogy with the
usageof"transglycosidation" to designate the enzyme-catalyzed replacement
of one participant in a glycosidic linkage by another. A transpeptidation
reaction may be formulated as follows:
R' R'
I I RCO-NHCHCO-NHR" + NH2R"' _ RCO-NHCHCO-NHR"' + NH2R"
In their study of the enzyme-catalyzed synthesis of benzoylglycinanilide
from hippuric acid and aniline, Bergmann and Fraenkel-Conrat presented
experimental evidence for the catalysis of a transpeptidation reaction. They
found that the rate of formation of'benzoylglycinanilide from benzoyl-
glycinamide and aniline, in the presence of cysteine-activated papain, was
somewhat more rapid than was the synthesis of the anilide from hippuric
acid and aniline. Consequently, the free acid was unlikely as an intermediate
in the transformation of the amide to the anilide.
It will be evident that, in contrast to the hydrolytic or synthetic processes,
the over-all free energy change in a replacement reaction cannot be very
great, since one may consider the energy of the peptide bond that is broken
to be used for the synthesis of the new peptide bond that is formed, via a
transient intermediate in which both amino groups are attached to the
carbon atom of the carbonyl group forming the peptide bond:
F OH
R-C-NHR' + NH2R" = R-C-NHR' = R-C-NHR" + NH2R'
LNHR"
Consequently, it may be expected that such an enzyme-catalyzed replace-
ment reaction should occur to an appreciable extent in homogeneous
solution, without the necessity for the removal of the product of trans-
peptidation through insolubility, as in the case of the conversion of hippuric
acid amide to the anilide. Accordingly, experiments were performed in
which cysteine-activated papain was allowed to act on benzoylglycinamide
in the presence of an equivalent quantity of isotopic ammonium-N, whose
isotope concentration was 32.3 atom per cent excess N15. The action of the
enzyme was allowed to proceed until a significant portion of the amide had
undergone enzymatic hydrolysis. If, during the incubation period, the
enzyme had catalyzed the replacement of -NA4H2 by -N15H2 in the amide
bond, interruption of the hydrolysis prior to its completion, and isolation of
a pure sample of the residual benzoylglycinamide, should have yielded a
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product with a measurable isotope content. As will be seen from the data
inTable 1, significant amounts of isotopic nitrogen were in fact incorporated
into the substrate during the reaction.
The procedure employed may be illustrated by means of a description of
a representative experiment: 445 mg. of benzoylglycinamide (2.5 mM)
TABLE 1
REPLACEMENT REACTIONS CATALYZED BY PAPAIN
Temperature, 38.1°C; pH 4.9-5.0; concentration of activator (cysteine), 0.004M;
methanol, 0.3 cc. per cc. of test solution
Enzyme Isolatedamide
conc. Percent
Initialreactants (prot. N Hydrolysis N N' eone. replace-
per cc. ofamide con- ment*
testsol.) bond tent Cmpd. Amide-N
atom% atom%
mg. hrs. % % excess excess %
Benzoylglycinamide 0.28 5 32 15.66 0.075 0.150 0.46
(0.05 M) 19 50 15.76 0.102 0.204 0.63
(NH4)2Hcitratet (0.025 M) 19 8t 15.59 0.020 0.040 0.12
19 0§ 15.62 0.001 0.002 0.006
Carbobenzoxy-L-methion- 0.21 0.75 35 9.85 0.018 0.036 0.11
inamide (0.01 M) 2 76 9.85 0.042 0.084 0.26
(NH4)2Hcitratet (0.005 M) 0.75 17i: 9.79 0.011 0.022 0.07
* Isotope concentration of amide-N X 100
Isotope concentration of ammonia-N added
tIsotope concentration, 32.3 atom per cent excess N'.
t No cysteine added.
§ No papain added.
were dissolved in 15 cc. of methanol, and 10 cc. of 0.125 M (NH4)2H
citrate (containing 32.3 atom per cent excess N'5) were added. 2 cc. of
0.1 M cysteineHCl were then introduced, followed by 20 cc. of a solution
of papain' containing 14 mg. of protein nitrogen, and the volume was
adjusted to 50 cc. After an incubation period of 19 hours at 38.10 C,
microtitration of a 0.2 cc. aliquot by the method of Grassmann and Heyde'
showed that 50 per cent of the amide had been hydrolyzed by the enzyme.
The solution was withdrawn from the water bath, poured into 500 cc. of
cold 95 per cent ethanol, chilled in the refrigerator for 30 minutes, and the
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precipitated protein was filtered off with the aid of analytical Filter-Cel.
The filtrate was evaporated to dryness under reduced pressure (bath
temperature, 40-50° C), and the residue was dissolved in 4 cc. of hot
2 N NH40H. The resulting solution was clarified by filtration, and the
filtrate was chilled, whereupon benzoylglycinamide crystallized. The
product was collected by filtration and subjected to a second crystallization
from 4 cc. of hot 2 N NH4 OH. After being dried at 780 C in vacuo over
P205, the product (54.9 mg.) melted at 1830 C, had a nitrogen content of
15.76 per cent (theory for benzoylglycinamide, 15.72 per cent nitrogen),
and an isotope concentration of 0.102 atom per cent excess N15. After an
additional recrystallization from 2 cc. of hot NH40H, the isotope concen-
tration was found to be 0.101 atom per cent excess, thus showing that
constancy of isotope concentration had been achieved following two crystal-
lizations of the arnide from non-isotopic NH40H. The value of 0.102 atom
per cent excess N15 corresponds to an isotope concentration of 0.204 atom
per cent excess N15 for the amide-N, since the a-amino-N could not have
been replaced by isotopic nitrogen under the conditions of this experiment.
From the latter value, and the isotopic concentration of the ammonium
citrate added at the start of the reaction, it may be calculated that 0.63
per cent of the isolated amide had been formed by a reaction with isotopic
NH4+. This is indicated in Table 1 as "per cent replacement."
The other experimental data presented in Table 1 were obtained in a
manner similar to that described above. The table also includes the results
of control experiments in which either cysteine or papain was omitted.
The slight hydrolysis observed in the absence of added activator was
accompanied by a slight but significant incorporation of isotopic nitrogen,
while in the absence of enzyme, where no hydrolysis took place, no uptake
of isotope was noted.
In addition to the data on the incorporation of isotopic nitrogen into
benzoylglycinamide, Table 1 includes the results of experiments (performed
in collaboration with Mr. Sterling P. Taylor Jr.) on another substrate of
papain, carbobenzoxy-L-methioninamide. This compound has been found8
to be one of the most sensitive known substrates for papain, and its rapid
hydrolysis (determined by measurement of ammonia liberation in Conway
vessels) permitted the conduct of experiments of much shorter dura-
tion than in the case of benzoylglycinamide. Because of its insolubility,
carbobenzoxy-L-methioninamide was present in 0.01 m concentration, and
while an appreciable incorporation of isotope was found, the extent of
isotope incorporation was less than that noted for the glycine-containing
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substrate at a concentration of 0.05 M. Although further experiments are
required to establish more definitely the quantitative relation between the
extent of hydrolysis and the extent of transpeptidation, the data at hand
strongly suggest that, under a given set of conditions, there is a direct
proportionality between the molar quantity of amide hydrolyzed and the
per cent replacement.
In evaluating the data in Table 1, it is important to calculate the extent
of isotope incorporation to be expected if no replacement had occurred, but
only enzyme-catalyzed synthesis from hippuric acid or carbobenzoxy-L-
methionine (arising from the hydrolysis of the respective amides) and
ammonia. Such a calculation may be made on the basis of the assumption
that, under the conditions of these experiments, the free energy change in
the synthetic process is +3000 calories per mole. This corresponds to an
equilibrium constant K = [amide]/[acid] [ammonia] of about 0.01. One
may then estimate the concentration of the amide that would be in equi-
librium with the maximal possible concentration of the acylamino acids.
For example, if the concentration of hippuric acid and isotopic ammonia
be taken at 0.05 M, it follows that, at equilibrium, the concentration of
isotopic benzoylglycinamide would be 2.5 X 10-3 M. This would cor-
respond to 0.05 per cent incorporation of isotopic nitrogen into the amide.
Clearly, when the hydrolysis of the amide has proceeded only to about 50
per cent of completion, less hippuric acid is available for direct synthesis,
and the extent of isotope incorporation by this route would be correspond-
ingly smaller. Similarly, it may be calculated that in the experiments with
carbobenzoxy-L-methioninamide, run at lower initial concentrations (0.01
M) of the reactants, the maximum possible incorporation of isotope through
synthesis from carbobenzoxy-L-methionine and isotopic ammonia is about
0.01 per cent. Since these calculated values are far lower than those actually
found, it may be concluded, therefore, that the enzyme-catalyzed incorpora-
tion of isotope into the acylamino acid amides was due to a replacement
reaction.
These data clearly confirm the theory of Bergmann and Fraenkel-Conrat
that proteolytic enzymes such as papain catalyze transpeptidation reactions.
Recent data of Zamecnik and Frantz'6 show that the catalysis of trans-
peptidation reactions is not limited to protein-splitting enzymes such as
papain, since these authors have demonstrated the ability of a crude dipep-
tidase preparation to cause the incorporation of radioactive glycine into
glycylglycine during the enzymatic hydrolysis of the dipeptide. In view of
these results, it is possible to conclude that the catalytic action of proteo-
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lytic enzymes at a peptide bond lies in the activation of the carbon atom of
the carbonyl group, with the transient addition of either OH (with ultimate
hydrolysis) or NHR" (with ultimate transpeptidation), and that, in order
to effect such activation, the enzyme combines with the oxygen atom of
the carbonyl group,* thus leading to an electronic deformation analogous to
that postulated for the acid-base catalysis of amides and esters.'
Earlier work on the specificity of the protein-splitting enzymes has
demonstrated that each enzyme hydrolyzes only such peptide bonds as are
present in a particular structural setting."40 Thus, the only peptide bonds
known to be hydrolyzed by crystalline
trypsin involve the carbonyl group of NSENSITIVE
an arginine or lysine residue, and, in H/ SENTIVE 4. . PEPTIDE
addition, the amino group of the basic \ BOND
amino acid must be suitably acylated. . C =0O
In general, it may be said that a pro- 4
teinase, in acting on one of its sub-
strates, must combine not only with / \
the oxygen atom at the sensitive pep- H
tide bond, but also with another portion HN
of the peptide "backbone"'1 such as the | _ '
imino group of the adjacent amide Q c **ENZYM E
linkage and, in addition, with a char- /
acteristic side chain group which dif- FIG. 1. Postulated polyaffinity
ferentiates the a-amino acids from one relationship between a proteinase
another. It is only through a precisely and its substrate, leading to en- zyme-catalyzed hydrolysis or
defined "polyaffinity" relationship of transpeptidation.
this kind that it is possible to explain
adequately the striking stereochemical specificity of the proteolytic en-
zymes.10 In the case of the enzymatic components of papain that act on
benzoylglycinamide and on carbobenzoxy-L-methioninamide, the struc-
tural relationship of enzyme to substrate may be formulated as is shown in
Fig. 1. Since the action of the enzyme involves the activation of the carbonyl
group, the same structural factors in the substrate determine the rate of
hydrolysis and the rate of transpeptidation. It follows, therefore, that the
* Additional evidence in favor of the hypothesis that the action of a proteinase on
its substrate involves the oxygen atom of the peptide carbonyl group is provided by
the important finding of Neurath and his associates"' that proteinases such as
trypsin hydrolyze ester linkages, i.e., linkages in which the -NHR group attached
to the peptide carbonyl group has been replaced by an -OR group.
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same precise specificity already shown for the hydrolytic action of the
proteolytic enzymes applies to their catalysis of replacement reactions.
It is a reasonable assumption that, in vivo, enzymes that catalyze
hydrolytic or synthetic reactions involving peptide bonds also catalyze
transpeptidation reactions. As pointed out by Bergmann,' proteolytic
enzymes encounter a variety of amino acid derivatives and peptides in
living systems, and the probability of such replacement reactions is
appreciable. To illustrate the nature of transpeptidation reactions that
might be expected in biological systems, one may consider the example of
the y-amide of L-glutamic acid, L-glutamine, which is widely distributed in
plant and animal tissues.' It is well known that, in vitro, glutamine readily
undergoes a transamidation reaction leading to pyrrolidone carboxylic acid:
O=C-CH2 O=C-CH2
II NH2 CHs CH2 + NH3
I ~~~~~~~~~I
NH2-CHk-COOH NH-CH-COOH
The suggestion may be made that, under the influence of specific enzymes,
of which glutaminase may be a representative, the amide group of glutamine
may undergo a transamidation reaction, not with its own a-amino group,
but with the amino group of another amino acid or peptide. If this were
the case in the reaction with the dipeptide L-cysteinylglycine, there would
result the naturally occurring peptide glutathione:
CH2SH NH2-COCH2 CH2SH NH2
I ~ ~ ~ ~ ~~~~~~~~~I I I CHNH2 + CH,2 - CHNH-COCH2CH2CH + NH3
I ~ ~ ~ ~ ~~~~~~~~~I I I
CO-NHCH2COOH NH2CHCOOH CO-NHGH2COOH COOH
This reaction provides an example of the synthesis of a tripeptide from
a dipeptide and an amino acid amide, and in which the driving force for
the synthetic process is provided by the energy of the amide bond. Experi-
ments performed by Dr. Sofia Simmonds in this laboratory some years ago,
using radio-sulfur as a tracer, provided suggestive, but not conclusive,
evidence for the reaction between cysteinylglycine and glutamine in rat
liver slices. More definite experimental data on this question are sorely
needed.
It may be noted that Speck'5 has shown that the biosynthesis of the
y-amide bond of glutamine probably involves the formation of a phos-
phorylated intermediate, whose formation is in turn coupled to oxidative
processes. If this be the case, the in vivo synthesis of glutathione may well
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represent an instance in which an energy-yielding oxidative step is coupled,
through glutamine, to the energy-requiring synthetic step in the process of
peptide synthesis. The recent data of Bloch,' which have shown that
adenosine triphosphate is necessary for the incorporation of isotopic
glutamic acid into glutathione by liver extracts and homogenates, would be
compatible with the hypothesis presented above.
A logical extension of these views to the problem of the biosynthesis of
the peptide bonds of proteins would be to assume that proteolytic enzymes
may catalyze reactions in which peptide chains are lengthened, not by
direct condensation reactions with the elimination of water, but by trans-
peptidations involving the replacement of a short peptide chain (or an
amino acid) by a longer one. An attractive feature of this hypothesis is
that it would allow the proteolytic enzymes to exert their high selectivity
of action in reactions in which the free energy change would be small. In
the last analysis, of course, the energy required for the synthesis of peptide
bonds must stem from exergonic reactions such as those involved in the
dissimilation of metabolites; the question may be raised, however, whether
the necessary coupling between the energy-yielding processes and peptide
synthesis is funnelled through a relatively small number of amides or
peptides such as glutamine or glutathione. The utilization, by transpeptida-
tion, of the energy available for protein synthesis would require catalysts
of extreme specificity which could direct, precisely and reproducibly, the
sequence of chemical reactions leading to the formation of a protein. To
our knowledge, the proteolytic enzymes are the only available biocatalysts
that act as peptide bonds with this requisite specificity.
The author is greatly indebted to Dr. Henry D. Hoberman and Mr. Joseph
Doolittle for their generous cooperation in the conduct of the isotope experiments.
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